Introduction
Very little is known about the evolutionary history of most pathogenic human viruses. For some DNA viruses, where related viruses infect different species, the timing of virus divergence can be equated with that of speciation events occurring some tens to hundreds of million years ago (McGeoch et al., 1995 ; Shadan & Villarreal, 1993) . However, usually our knowledge is limited to the period following the first isolation of a virus, typically less than 50 years. In particular, several RNA viruses (poliovirus, dengue virus, hepatitis C virus, human immunodeficiency virus) can be subdivided into different serotypes or genotypes with about 30 % sequence divergence between variants, but the origin of this variation is uncertain. Such variants might have emerged recently as a result of their epidemic spread by new routes of transmission in expanding human populations combined with the error-prone replication of RNA-dependent RNA polymerases. Alternatively, these variants might be much older Author for correspondence : Donald Smith.
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batch. Taking account of the bias towards synonymous transition substitutions, the time of divergence of variants of subtype 1b is estimated to have occurred 70-80 years ago. The numerous subtypes of HCV are proposed to derive from more than 300 years of endemic infection in certain geographical regions, with recent spread of some subtypes to other parts of the world. Estimation of the time of origin of the major HCV genotypes (types 1-6) is problematic, but our data and analogy with other viruses suggest that divergence occurred at least 500-2000 years ago.
reflecting the continuous presence of virus within previously isolated populations.
Such uncertainty exists for hepatitis C virus (HCV), which was first identified as the cause of post-transfusion non-A, non-B hepatitis. The virus was cloned in 1989 (Choo et al., 1989) and considerable information now exists about the extent of variation between virus sequences from different individuals and geographical regions. Phylogenetic analysis of HCV sequences has resulted in a nomenclature that recognizes distinct virus types and subtypes. Six distinct virus types have been described that differ from each other by more than 30 % over the complete virus genome. These virus types are each comprised of several more closely related subtypes that vary by more than 20 %, while within each subtype variation is less than 10 % .
Since current transmission of HCV is usually associated with parenteral exposure to blood through medical procedures or from needle sharing amongst intravenous drug users, it might be thought that virus genotypes are of recent origin. This possibility is supported by longitudinal studies on HCV that give a rate of substitution of 1n5-2i10 −$ per site per year, equivalent to a common ancestor for the different genotypes of HCV about 200 years ago (Ina et al., 1994) . However, while some genotypes are ubiquitous, others are 0001-4309 # 1997 SGM DCB confined to particular geographical regions where extreme diversity of subtypes of a particular virus type occurs (see Discussion). This geographical distribution as well as antigenic and biological differences between HCV types are consistent with long periods of endemic infection during which no measurable exchange with types from other geographical regions occurred. Virus transmission might have occurred continuously over long periods by culture-specific parenteral routes and\or by vertical, sexual and household routes. The time of divergence of HCV genotypes might therefore considerably precede the modern routes of parenteral transmission.
We describe here an attempt to distinguish between these possibilities by measuring the rate of sequence change in a cohort of individuals infected with HCV from a common source of anti-D immunoglobulin (Power et al., 1995) . Applying this rate of divergence to the diversity observed between variants of a subtype, between virus subtypes or between virus types, allows estimates to be made of their time of divergence.
Methods
Samples. Serum samples were obtained in 1994\95 from anti-D recipients by the Irish Blood Transfusion Service Board. Samples analysed were from individuals who had received anti-D immunoglobulin in 1977\78 and were RT-PCR positive for the HCV 5h-noncoding region, but were not otherwise selected.
RT-PCR and nucleotide sequencing. RNA was extracted from serum and amplified by RT-PCR as described previously (Chan et al., 1992) . Amplification of NS5B utilized outer primers 1203 and 1204, and inner primers 123 and 122 (Mellor et al., 1995) . Amplification of E1 was achieved using primers 295 (5h CTAGAATTCAGACCTTAGCCCA-GTTCCCCACCAT 3h, positions 1113-1090) and 294 (5h ACTGGAT-CCTACCATGTCACSAAYGAYTGC 3h, 601-621) for the first round and 294 and 296 (5h TACGAATTCACCAGTTCATCATCATATCC-CATGCCAT 3h, 979-952) or 886 (5h TCCCANGCCATNCGRTGNCC 3h) for the second round. Secondary products from reactions where one primer was biotinylated were sequenced after separation of single strands using Dynabeads (Dynal). Single molecules were obtained by limiting dilution of cDNA and sequenced directly.
Sequence analysis. Distances between sequence groups were calculated using the Mega program (Kumar et al., 1993) without (% identity) or with the Jukes-Cantor correction for reversion due to multiple substitution (evolutionary distance). Phylogenetic trees were produced using DNAML of Phylip 3.5c (Felsenstein, 1993) . Synonymous and nonsynonymous evolutionary distances were calculated using the program New1 (Ina, 1995) . This program takes into account the unequal frequency of transition and transversion mutations and the GC content of HCV genomes (60 %) in calculating the total number of synonymous and nonsynonymous sites. Distributions of sequence distances were analysed statistically using the SYSTAT package. Distances between sequences of subtype 1b variants were based on analysis of 42 unrelated NS5B sequences (listed in Mellor et al., 1995) and 30 unrelated E1 sequences obtained from GenBank. Comparisons between subtypes of type 1 used either type 1a and 1b sequences (n l 115 for NS5, n l 45 for E1) or single NS5 sequences representative of six different subtypes of type 1. Distances between virus types were calculated using examples of each of types 1-6. Comparisons between distributions were based on mean distances.
Results

Sequence divergence amongst anti-D recipients
In order to estimate the rate of sequence change for defined regions of the HCV genome, we compared the sequence of virus found in different individuals 17 years after infection from a common source of anti-D immunoglobulin. The infective batches of anti-D contained virus of genotype 1b (Power et al., 1995) and the single implicated donor was probably acutely infected since the donor became jaundiced 2 months after commencing to contribute plasma (Expert Group, 1995) . PCR products from within the NS5B and E1 regions were sequenced directly, and phylogenetic analysis of the sequences using a maximum likelihood method indicated a significant (P 0n01) common root distinct from other subtype 1b sequences ( Fig. 1 a, b) .
Sequence comparisons of 222 nucleotides within the NS5B gene (positions 7975-8196, numbered from the initiator AUG) of viruses from 26 anti-D recipients gave a mean evolutionary distance of 0n014. Less divergence was observed when virus sequences from recipients were compared with sequences from one of the batches of infective immunoglobulin (mean 0n007), as expected given their shorter period of divergence from the source (17 years) as compared with each other (34 years). The variation observed between different recipients does not simply reflect the pre-existing variation of virus in the infective batch of anti-D. Amongst ten single molecules obtained by limiting dilution of NS5 cDNA from an infective batch, eight sequences were identical, and the mean evolutionary distance between sequences was only 0n004.
Similar pairwise comparisons of a 300 nucleotide sequence within the E1 gene (positions 634-933) from 23 different anti-D recipients gave greater evolutionary distances (mean 0n025) than observed for NS5B. The sequence of E1 obtained from the infective batch was more closely related to sequences from individual anti-D recipients (mean 0n012), consistent with its shorter time of divergence.
These comparisons are based on nucleotide sequences obtained by direct sequencing of RT-PCR products derived from undiluted cDNA. Because direct sequences represent an average sequence of the virus population, this approach might underestimate the true extent of sequence divergence between virus genomes. In order to assess the extent of this bias, we sequenced individual virus genomes by obtaining PCR products at limiting dilution of cDNA. The mean evolutionary distance between six to nine sequences within an individual was 0n005, 0n006 and 0n006 for three different recipients. Using these sequences to calculate the distance between individual sequences present in different recipients, and correcting for the pre-existing diversity of the infective batch gives distances between 4 % and 29 % greater than that between the consensus sequences. . A type 1a sequence was used as an outgroup in both cases. The common branch leading to the anti-D recipient group had a length significantly (P 0n01) greater than 0 for both the E1 and NS5B sequences.
Rate of sequence change
The overall rate of sequence change observed amongst the anti-D recipients can be calculated as the mean evolutionary distance between samples divided by 34 years of separate evolution l 0n41i10 −$ per nucleotide per year for NS5B and 0n74i10 −$ for E1.
However, these overall rates are misleading because there are several biases in the pattern of substitution. First, synonymous substitutions that leave amino acid sequences unchanged are much more frequent than nonsynonymous substitutions that produce amino acid substitutions, presumably because the latter often have deleterious effects on protein function. This bias has been described for comparisons between virus genomes of different genotype (Ina et al., 1994) , and between sequential samples from infected individuals (Ogata et al., 1991 ; Okamoto et al., 1992) . A similar bias was observed between the anti-D cohort sequences with a ratio of synonymous to nonsynonymous distances greater than 5 for both E1 and NS5B. A second general bias is that transitions (C U or A G, Ts) are much more frequent than transversions (A or G C or U, Tv). This effect is most marked in comparisons between closely related sequences such as between viruses of the same subtype (Ts : Tv l 5) (Tanaka et al., 1993) or between paired samples from longitudinal studies (Ts : Tv l 3n9, 6n4) (Ogata et al., 1991 ; Okamoto et al., 1992) . Similar ratios were observed for E1 (Ts : Tv l 5) and NS5B (Ts : Tv l 6) sequences from the anti-D recipients. The actual bias against transversions is probably even greater, since the Ts : Tv ratio at the third position of codons where most substitutions are synonymous is 16 for comparisons between 16 complete type 1b genome sequences (D. Smith, unpublished results). More transversions occur at nonsynonymous sites as a result of selection for protein function. For this reason and also because of saturation of transitions, much lower Ts : Tv ratios are observed in comparisons between more divergent sequences such as between virus subtypes or types (Tanaka et al., 1993) .
These biases have the effect of reducing the level of sequence divergence at which substitutions become saturated. Sequence distances were therefore also calculated using a model (Ina, 1995) that corrects for the bias towards transitions and considers synonymous sites and nonsynonymous sites separately. The rate of synonymous substitution was similar for the NS5 (1n1i10 −$ per site per year) and E1 genes (1n7i10 −$ ), while the nonsynonymous rates were lower for E1 (4i10 −% ) and even lower for NS5B (6i10 −& ). Slightly higher rates of substitution are implied by the diversity amongst virus RNAs co-circulating in different recipients, but this rate is inappropriate for extrapolation to published sequences for different virus genotypes, since these are usually the consensus sequences of several different clones.
Estimated time of divergence of HCV genotypes
Large numbers of NS5 and E1 sequences are available for different HCV subtypes and types, and the different levels of diversity within these different groupings presumably reflect their time of diversification from each other. For example, increasing distances between E1 sequences are observed for comparisons amongst different groups comprising anti-D recipients, different variants of subtype 1b, between subtypes 1a and 1b, or between types 1-6 (Fig. 2) . The distributions of distances for these different groups are approximately normal with the median similar to the mean. Since a range of sequence distances was observed even for the anti-D recipient group that have all diverged from each other for the same period, comparisons between distributions of distances for different groups have been compared using mean values (Table 1, Fig.  3 ). The overall rate of substitution observed for E1 or NS5B sequences amongst the anti-D cohort gives estimates of the time of divergence of variants of subtype 1b of 69 (E1) or 64 years (NS5B) ago (Fig. 3, -P) . Similar values are obtained if correction is made for multiple substitutions (Fig. 3, -J ), but this Fig. 3, -S) , while slightly later times of divergence are derived for viruses belonging to subtypes 1a (65 years E1, 58 years NS5B) and 3a (45 years E1, 38 years NS5B). Similar comparisons between subtypes 1a and 1b place diversification at 270 years ago based on NS5B sequences (Fig.  2) , and almost the same timing is derived from comparisons between single examples of six different subtypes of type 1 (results not shown). For E1, synonymous substitutions have saturated in some comparisons giving a minimum time of diversification of subtypes 1a and 1b of 320 years ago. Comparisons between HCV types are increasingly saturated at synonymous sites, and so the calculated minimum times of diversification of 445 years for E1 and 625 years for NS5B are probably considerable underestimates.
An alternative method for calculating times of divergence would be to compare distances at nonsynonymous sites since these are not saturated even in comparisons between different virus types (Fig. 3, -N) . By this method, the times of diversification are estimated from NS5B sequences to be 110 years ago for subtype 1b, 860 years ago between subtypes 1a and 1b, and more than 2000 years ago between different types. More recent times of divergence are suggested by similar comparisons between E1 sequences (63, 300 and 510 years respectively). Since very few nonsynonymous substitutions occurred amongst the anti-D cohort, the observed rate of nonsynonymous substitution could be subject to a large sampling error. To avoid this problem, the time of divergence Fig. 3 . Estimated time of divergence of HCV genotypes. From the distance between E1 or NS5B sequences in anti-D recipients, the distance between variants of subtype 1b, subtypes 1a/1b and HCV types 1-6 was used to estimate their average time of divergence (years before present). Distances used were % identity at all sites (E1-P, NS5-P), evolutionary distance at all sites (-J) or evolutionary distances at synonymous (-S) or nonsynonymous sites (-N). For nonsynonymous distances, times of divergence of subtypes 1a/1b and types 1-6 were also estimated assuming that divergence of subtype 1b began 75 years ago (-NC). Arrows indicate that some estimates include distances 1n0 (i.e. substitutions were saturated), and so may represent underestimates of the time of divergence. amongst variants of subtype 1b can be taken as 75 years from the rate of synonymous substitution. Using this to calibrate the nonsynonymous distance observed between type 1b sequences places the divergence of subtypes 1a and 1b as 350 (E1) or 690 (NS5B) years ago, while HCV types diverged 610 (E1) or 1650 (NS5B) years ago (Fig. 3, -NC) . Even these figures are likely to represent underestimates since nonsynonymous substitutions probably do not accumulate linearly with time (see Discussion).
Discussion
Rate of nucleotide substitution
We have found the overall rate of substitution amongst virus sequences present in different recipients of HCV-infected anti-D immunoglobulin to be 0n7i10 −$ substitutions per site per year for E1 (one of two putative envelope glycoproteins) and 0n4i10 −$ for NS5 (encoding an RNA-dependent RNA polymerase). These values are lower than calculated previously for larger genomic regions (0n9, 1n25, 1n44 and 1n92i10 −$ ) (Okamoto et al., 1992 ; Ogata et al., 1991 ; Cuypers et al., 1991 ; Abe et al., 1992) , and there are several possible explanations for this difference. The frequency of substitution is not constant over the whole virus genome, but varies between highly conserved sequences that are important in virus RNA replication and translation (5h and 3h untranslated regions), areas where nonsynonymous substitutions are frequent (the hypervariable region of E2), and other regions where synonymous substitutions are suppressed [core (Ina et al., 1994) and NS5B (D. B. Smith, unpublished results)]. Hence the average rate over large regions need not be identical to the rate in a particular region.
Another reason for the high rate observed in previous studies is that in these cases infection was initiated with high titred and complex mixtures of virus from chronically infected individuals. In one case (Okamoto et al., 1992) , a chimpanzee was infected with serum pooled from other chimpanzees originally infected from a chronically infected blood donor several years previously. As much diversity was observed between different cloned sequences as between the consensus sequences over time, and it is uncertain to what extent these changes reflect adaptation of virus to a new host. In other studies (Cuypers et al., 1991 ; Ogata et al., 1991) , the individuals studied were infected following blood transfusion and would have received many infectious particles. Some of the variation observed over time in these studies may therefore have represented turnover of variants that existed at the time of transmission, and so the actual rate of substitution could have been considerably lower. In contrast, in the current study, it is likely that study individuals were infected by much smaller doses since only about 10 % of those exposed to infective batches of anti-D now have evidence of infection (J. Power & E. Lawlor, unpublished) .
Times of origin of HCV genotypes
Applying the observed rate of synonymous substitution amongst anti-D recipients (1n1i10 −$ per site per year for NS5B, 1n7i10 −$ for E1) to the diversity observed amongst published HCV sequences implies that the average time of divergence of variants of subtype 1b was about 70-80 years ago, and that subtypes 1a and 1b diverged from each other about 300 or more years ago. Similar times of divergence are likely for subtypes of types 2, 3, 4, and 5 since their degree of divergence is similar to that of type 1 subtypes . Subtypes of type 6 are more divergent and localized to South-East Asia (Tokita et al., 1994 (Tokita et al., , 1995 (Tokita et al., , 1996 Mellor et al., 1995) , and this may result from a longer period of endemicity or different epidemiology in this region. Divergence of virus types seems to have occurred more than 500 years ago. A previous study based on the rate of synonymous change in the core gene gave more recent times of divergence (Ina et al., 1994) . However, the local suppression of synonymous substitutions in this region (Ina et al., 1994) will reduce the level at which saturation of substitutions occurs, and so the time of divergence between sequences may be underestimated. Another potential constraint on synonymous substitution, but which we have not been able to compensate for, is the increased frequency at the third position in codons of a C or G nucleotide following an U or A at the second position (D. B. Smith, unpublished results). Other potential constraints on virus RNA sequences include codon preferences, or subtle requirements for RNA secondary structures or RNA-protein interactions. Even without taking these constraints into account, synonymous substitutions are frequently saturated in comparisons between virus types for both E1 and NS5B sequences, and also between some virus subtypes for E1. Consequently, the actual time of divergence of virus types and subtypes may be much earlier than our estimates.
Times of divergence of virus genotypes can also be estimated from the rate of nonsynonymous substitution (Fig.  3) , although saturation is still a problem despite the distances being lower. While some nonsynonymous substitutions may confer a selective advantage or have no effect on virus fitness, for other sites, functional constraints may prevent substitution or require one or more covariant substitutions to maintain viability. As a result, different nonsynonymous sites will have different rates of substitution and become saturated at different levels of overall divergence. The relationship between distance and time will therefore be non-linear and vary between different genes depending on their function. For example, analysis of closely related foot-and-mouth disease viruses revealed no accumulation of nonsynonymous substitutions between isolates sampled over 50 years (Martinez et al., 1992) . These results are consistent with saturation of substitutions at sites that have no effect on viability, and much greater restriction on change at other sites. For HCV, the rate of nonsynonymous substitution in the anti-D cohort was higher in E1 than in NS5B, but divergence amongst virus subtypes or types was relatively similar in these regions (Table 1) . This difference may arise because substitutions in an envelope protein such as E1 are less constrained or are even subject to positive selection from immune responses, while changes in NS5B may be more restricted since it encodes the virus RNAdependent RNA polymerase. Neither region can be assumed to accumulate nonsynonymous substitutions linearly with time. Extrapolation of the rate of nonsynonymous substitution over short periods of time to reconstruct the history of viruses (Zanotto et al., 1996 ; Querat et al., 1990) may therefore tend to underestimate the actual time of divergence.
Geographical and historical evidence
Early dates for the divergence of HCV genotypes may help explain several features of their geographical distribution. In certain geographical regions, a single HCV type occurs but this is represented by numerous subtypes, a pattern suggestive of a long period of endemic infection Tokita et al., 1994 Tokita et al., , 1995 Tokita et al., , 1996 Mellor et al., 1995) . These potentially endemic regions are the Guinea coast of West Africa for type 1, Western and Central Africa for type 2, the Northern Indian subcontinent for type 3, Central Africa for type 4, and SouthEast Asia for type 6. An endemic area for type 5 remains to be discovered, but may be in Southern Africa since only there is type 5a common.
In contrast, in other parts of the world, more than one virus type is present, but each type is represented by only a few different subtypes. This pattern is consistent with relatively recent and limited introductions from endemic areas. Examples include Northern Europe and North America where types 1a, 1b, 2a, 2b and 3a are common, and Japan where only types 1b, 2a and 2b occur. The history of these introductions can be partially reconstructed by comparing the frequency of HCV genotypes in different age groups. For example, types 1a and 3a are found in younger individuals who often have drug injection as a risk factor (Pawlotsky et al., 1995) , and their recent dissemination is supported by the reduced diversity within these subtypes. Other recent HCV epidemics include the transmission of HCV by contaminated anti-D immunoglobulin in the 1970s in former East Germany (Dittmann et al., 1991) and in Ireland (Power et al., 1995) , which have both produced cohorts of women aged 40-65 infected with type 1b. Otherwise, infection with subtype 1b or with type 2 is common in older patients with a history of blood transfusion. No consistent association was observed between phylogenetic groupings and the geographical origin of E1 or NS5 sequences (Fig. 1) , even if only synonymous sites were compared (data not shown) suggesting that divergence of isolates preceded their introduction into these regions.
The finding that genotypes 1b, 2a and 2b are present in most parts of the world may be due to previous large-scale medical interventions. Blood transfusion only became widespread following the Second World War, but before then, several procedures that utilized human tissue were frequently followed by cases of jaundice. These include the administration of yellow fever vaccines containing human serum (Findlay & MacCallum, 1937 ; Sawyer et al., 1944) , measles convalescent or immune serum, or vaccinia virus prepared from glycerinated human lymph. Hepatitis was also observed between 1910 and 1940 as a consequence of the use of unsterilized needles and syringes after injection with arsphenamine in the treatment of syphilis, or other injections (Mortimer, 1995) . The high frequency of infection in Egypt (predominantly with type 4a), may be another example of cross-infection during mass treatment with anti-schistosomal agents (Darwish et al., 1993) . Similar episodes may account for the finding of unusual subtypes of type 2 in Indonesia (Tokita et al., 1996) and the presence of subtype 2c in several European countries (Zeuzem et al., 1995 ; Stuyver et al., 1995 ; Okamoto et al., 1995) . In earlier times, routes of virus transmission may have included variolation as protection against smallpox or have been associated with other culture-specific parenteral exchanges.
Implications for other viruses
Our results imply that the time of divergence of viruses is difficult to infer from the rate of sequence change in longitudinal studies. Synonymous substitutions will become saturated at low levels of overall sequence divergence, especially if correction is made for the GC content, favoured nucleotides at the third codon position, and the bias towards transition substitutions. However, using nonsynonymous distances to compare divergent sequences is also problematic since different nonsynonymous sites will saturate at different rates and so substitutions will not accumulate linearly with time. Both synonymous and nonsynonymous rates of substitution will therefore tend to underestimate times of divergence.
This problem is illustrated by our estimate of greater than 500 years ago for the time of origin of HCV genotypes based on the rates of synonymous and nonsynonymous substitution. Variants of a closely related group of viruses (GBV-A) are similarly divergent from each other as are the major types of HCV, but each GBV-A variant appears to be endemic to different New World monkey species (J. Bukh, Abstract 141, IX Triennial Symposium on Viral Hepatitis and Liver Disease, Rome, Italy, 1996 ; Leary et al., 1996) . Species-specific associations also exist for variants of human and animal lentiviruses that have a high short-term rate of substitution. Simian immunodeficiency virus variants varying by only 15 % in nucleotide sequence within conserved regions of the pol gene are confined to different primate species (Hirsch et al., 1993) , while ovine lentivirus isolates separated for about 40 years are only slightly more divergent from each other than from a caprine isolate (Querat et al., 1990) . Such associations may reflect thousands of years of isolation as proposed for hepadnaviruses (Orito et al., 1989) , and for variants of human T lymphotropic virus I (Liu et al., 1996) and II (Gessain et al., 1995) . For many RNA viruses, including HCV, the precise history of diversification may remain irrecoverable.
